Evaluation of chromium (VI) removal by carbons derived from Sesamum indicum oil cake evaluated as a function of contact time, pH, adsorbent dose, and initial Cr(VI) concentration. Adsorption isotherm, kinetic, and desorption studies were also conducted to understand the adsorption phenomenon. 20 g of washed and sun-dried GOC was placed in a silica crucible and carbonized slowly in a muffle furnace at a temperature of 600-700°C. At this temperature, GOC begins to char with the evolution of fumes. As soon as the production of char was complete (indicated by the absence of fumes), the furnace temperature was raised slowly to 800-850°C for thermal activation under an inert atmosphere of nitrogen for a period of 30 minutes (Hassler, 1974) . 50 g of washed and sun-dried GOC was mixed with 200 g (1:4 ratio by weight) of concentrated sulphuric acid. The mixing was done by adding small quantities of oil cake to acid in a 1000 mL beaker with vigorous stirring. Charring of the cake occurs immediately, accompanied by the evolution of fumes. When the reaction subsided, the mixture was left in air in the oven at 140-160°C for 24 hours. The product was then washed with approximately 4.0-4.5 L of distilled water to remove free sulphuric acid, and dried at 110°C (Kannan and Thambidurai, 2008) . 20 g of washed and sun-dried GOC was soaked in a 20% solution of ZnCl 2 for 24 hours. The solution was then decanted off. The wet oil cake was spread uniformly on a glass plate and dried at 110°C. The dried material was heated slowly to a temperature of 600°C, followed by thermal activation under nitrogen atmosphere at 800-850°C for 30 minutes in a muffle furnace. The carbonized material was washed with 250-300 mL of distilled water and then with 15-20 mL of 10% HCl to remove excess zinc chloride from the carbon surface. It was then washed with water and dried at 110°C (Acharya et al., 2009) .
The physicochemical analyses of the adsorbents were carried out as per standard procedures, and the characteristics are given in Table I. GOC carbons thus prepared and commercial activated carbon (CAC) from SD Fine Chem., Mumbai, India were powdered and sieved to a particle size of 80-120 mesh (ASTM) and used for further experiments.
A stock aqueous solution of Cr(VI) at a concentration of 1000 mg/L was prepared by dissolving 2.829 g of K 2 Cr 2 O 7 in 1000 mL of distilled water. Cr(VI) solutions of desired concentrations were prepared by dilution of the stock solution with distilled water.
In all sets of experiments, 100 mL of Cr(VI) solution at the desired concentration and adjusted to the desired pH was decanted into high-density polyethylene (HDPE) bottles of 300 mL capacity and the desired dose of adsorbent added. The solution pH was adjusted with 0.1 M HNO 3 or KOH. The solutions were agitated for various contact times at 30±1°C and carbon particles were separated by using a centrifuge at a speed of 500 r/min. The supernatant liquid was analysed for Cr(VI) by atomic absorption spectrometry (AAS). Before determination of the total quantity of Cr(VI) in the adsorption medium, the supernatant liquid after adsorption was digested with KMnO 4 in sulphuric acid medium to oxidize any Cr(II) and Cr(III) to Cr(VI) (Gupta, Rastogi, and Nayak, 2010) . Solute and adsorbent-free blanks were used as control in all the experiments. Adsorption isotherm and kinetic studies L 370 VOLUME 118 [1]
where C o and C e are the initial and equilibrium concentrations (mg/L) of Cr(VI) solution respectively.
In order to investigate the effect of equilibration time on Cr(VI) removal, experiments were carried out using 100 mL of solution containing 10 mg/L Cr(VI) and 0.3 g of carbon at pH 2.0. A set of solutions was equilibrated for periods ranging from 1 to 4 hours. After agitation, the solutions were centrifuged, analysed, and the percentage of Cr(VI) removed in each case was established. The results are presented in Figure 1 . It is observed from the graph that equilibration times of 3 hours and 2.5 hours were required for the maximum chromium(VI) removals of 88.0±0.3% and 89.2±0.3% by CAC and TAGOC respectively. However, 2 hours' equilibration time was sufficient for both STGOC and ZTGOC for a maximum chromium(VI) removal of 96.0±0.3% and 94.0±0.3% respectively. These results indicate that both STGOC and ZTGOC take much less time (33.33% less) than CAC to reach equilibrium. Hence, all further experiments were carried out at the optimum equilibration times of 3 hours and 2.5 hours for CAC and TAGOC, and 2 hours for both STGOC and ZTGOC.
In order to ascertain the optimum pH for maximum removal of Cr(VI), experiments were carried out by varying the pH of the solution over the range of 1.0 to 9.0. After equilibration, the solutions were analysed and the percentage of Cr(VI) removal was established. The results are presented in Figure 2 .
It is observed that maximum removal of Cr(VI) occurs at lower pH, and as the pH increases the removal of Cr(VI) decreases. Lower pH increases the positive charge on the adsorbent surface and thus the attraction for the negatively charged chromium species in solution increases. The maximum adsorption for TAGOC, STGOC, ZTGOC, and CAC occurs at pH 2.0, 2.5, 2.5, and 1.5 respectively. This indicates that STGOC, ZTGOC, and TAGOC remove Cr(VI) at higher pH values compared to CAC. Hence all further experiments were carried out at an optimum pH of 2.0 for TAGOC, 2.5 for STGOC and ZTGOC, and 1.5 for CAC. Under these conditions, for an initial concentration of 10 mg/L, the maximum removals achieved by TAGOC, STGOC, ZTGOC, and CAC are 89±0.3%, 96.0±0.3%, 94.0±0.3%, and 88.0±0.3% respectively. These results indicate that TAGOC, STGOC, and ZTGOC are superior to CAC in the removal of Cr(VI), and also that they are effective at higher pH values than CAC.
In order to ascertain the minimum amount of each carbon type required for maximum removal of chromium(VI), experiments were carried out with 100 mL of 10 mg/L chromium(VI) solution in the presence of varying amounts of carbon ranging from 0.05-0.6 g/100 mL at an optimum pH of 2.0 for TAGOC, 2.5 for STGOC and ZTGOC, and 1.5 for CAC. Respective equilibration times were maintained for these carbons and the chromium(VI) removal in each instance was established. The results are presented in Figure 3 .
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It is seen that minimum carbon doses of 0.25 g per 100 mL for TAGOC, and 0.2 g per 100 ml for STGOC and ZTGOC were sufficient for the removal of 89.2±0.3%, 96.0±0.3%, and 94.0±0.5% of chromium(VI). However, in the case of CAC a minimum carbon dose of 0.3 g per 100 mL was required for the removal of 88.0±0.3% of chromium(VI). This indicates that TAGOC requires 1.2 times less carbon, and both STGOC and ZTGOC require 1.5 times less carbon, than that required for CAC under optimum time and pH conditions. Hence, based on optimization studies, it appears that TAGOC, STGOC, and ZTGOC could serve as better adsorbents than CAC in the removal of Cr(VI) from aqueous solutions.
Adsorption isotherms can be used to describe how solutes interact with adsorbents and so are critical in optimizing the use of adsorbents. The commonly used isotherms such as the Langmuir and Freundlich isotherms were applied for this study. The linear form of the Langmuir equation is given as (Langmuir, 1918) [2]
where C e is the equilibrium concentration (mg/L), q e is the amount of Cr(VI) adsorbed at equilibrium (mg/g), and 'a' and 'b' are Langmuir constants related to energy of adsorption (mg -1 ) and adsorption capacity (mg/g) respectively. The plot of 1/q e versus 1/C e gives a straight line. Figure 4 shows the Langmuir adsorption isotherms for adsorption of Cr(VI) onto these adsorbents after an equilibration time of 24 hours. Langmuir constants 'a' and 'b' were determined from the slopes and intercepts, and the values are presented in Table II .
The maximum adsorption capacities of the adsorbents calculated from Langmuir isotherms were found to be 88.68 mg/g, 109.89 mg/g, 101.01 mg/g, and 84.03 mg/g for TAGOC, STGOC, ZTGOC, and CAC respectively. A dimensionless constant, the separation factor (R L ), can be used to predict whether a sorption system is favourable or otherwise in batch adsorption. R L values ranging between 0 and 1 generally indicate favorable adsorption. R L values were calculated from Langmuir isotherm-based equation:
where C o is the initial concentration of Cr(VI) and 'a' is the Langmuir constant, which represents energy of adsorption.
The R L value indicates the nature of adsorption process and the process could be favourable, irreversible, linear, and unfavourable when 0 < R L < 1, R L = 0, R L = 1, and R L > 1 respectively. The R L values for TAGOC, STGOC, ZTGOC, and CAC were found to be between 0 and 1 at all concentrations investigated, which shows that the sorption of Cr(VI) onto these adsorbents is favourable.
The linear form of the Freundlich isotherm is represented by the following equation (Freundlich and Helle, 1939) :
where C e is the equilibrium concentration (mg/L) and x/m is the amount adsorbed per unit weight of adsorbent (mg/g). The plot of log (x/m) versus log C e gives a straight line, which indicates favorable adsorption. Figure 5 shows Freundlich adsorption isotherms for adsorption of Cr(VI) onto these adsorbents. The K F and n values were calculated from the intercepts and slopes, respectively. The values of adsorption capacity (K F ), adsorption intensity (n), and correlation coefficient (R 2 ) are presented in Table III . The plot of log x/m vs log C e gives a straight line with a slope of 1/n and log K F is the intercept of log x/m at log C e = 0 (C e = 1). The straight line nature of the plots indicates that the process was of Evaluation of chromium (VI) removal by carbons derived from Sesamum indicum oil cake L 372 VOLUME 118 The values of adsorption intensity, ranging between 1 and 10 (1<n<10), generally indicate favourable adsorption. The 'n' values were found to be between 1 and 10, which shows that adsorption of Cr(VI) onto these adsorbents is favourable.
Correlation coefficient (R 2 ) values were determined for the linear plots obtained for both the isotherm models and are presented in Tables II and III . From the R 2 values, it may be concluded that both the Langmuir and Freundlich adsorption isotherms operate simultaneously on the surface of carbon adsorbents in the removal of Cr(VI) from aqueous solutions.
In order to clarify the adsorption kinetics of Cr(VI) ions onto these adsorbents, two kinetic models, Lagergren's pseudofirst order and pseudo-second order models, were applied to the experimental data.
The linearized form of the pseudo-first order rate equation of Lagergren is given as (Lagergren, 1898) [5]
where q e (exp) and q t (exp) are the amount of the metal ions adsorbed (mg/g) at equilibrium and at time t (min), respectively and k 1 is the pseudo-first order equilibrium rate constant (min -1 ). A plot of ln(q e (exp) -q t (exp)) versus t gives a straight line with slope of k 1 and an intercept of ln q e(theo) . The straight line nature of curve shows the applicability of pseudo-first order rate equation. Figures 6-9 present pseudofirst order kinetics for the adsorption of Cr(VI) onto TAGOC, STGOC, ZTGOC, and CAC respectively.
The pseudo-second order model rate equation may be expressed as (Ho and McKay, 1999) [6] where k 2 is the pseudo-second order adsorption rate constant (g/mg min -1 ). A plot of (t/q t(exp) ) versus t also produces a straight line with slope of 1/q e(theo) and intercept of 1/k 2 q e 2 (theo) . This indicates the applicability of pseudo-second order model. Figures 10-13 present pseudo-second order kinetics for the adsorption of Cr(VI) onto TAGOC, STGOC, ZTGOC, and CAC respectively.
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In order to compare quantitatively the applicability of kinetic models in fitting to the data, the percentage relative deviation (P), was calculated as per the following expression.
[7]
where q e(exp) is the experimental value of q e at any value of C e , q e(theo) is the corresponding theoretical value of q e , and N is the number of observations. It is found that the lower the value of percentage deviation (P), the better the fit. It is generally accepted that when P is less than 5, the fit is considered to be excellent (Ayranci and Duman, 2005) . The results have been analysed using Equations [6] and [7] . The experimental data fits well in both of the equations. The values of q e(theo) calculated from these models are compared with experimental values q e(exp) and are presented in Table IV . The theoretical q e values (q e(theo) calculated from the pseudo-first order kinetic model differed appreciably from the experimental values q e(exp) . The percentage relative deviation (P) was also very high. On the other hand, values of q e(theo) were very close to q e(exp) when the pseudo-second order rate equation was applied. Furthermore, the percentage relative deviation (P) was well within the range and the correlation coefficients (R 2 ) were very close to unity in pseudo-second order kinetics. These results clearly indicate that the adsorption of Cr(VI) onto these adsorbents is governed predominantly by pseudo-second order kinetics and that the rate-limiting step is governed by chemisorption between the carbon and chromium ions.
In order to understand whether the adsorption process is spontaneous or non-spontaneous, the value of free energy of adsorption ( G o ) is calculated by the following equation:
where R is the universal gas constant (8.314 J mol -1 K -1 ), T is the absolute temperature (K) and 'a' is the Langmuir constant representing energy of adsorption. (Riaz et al., 2009; Acharya et al. 2009 ).
Desorption studies were conducted with both acid (HCl and HNO 3 ) and alkali (NaOH) solutions. Various concentrations, (0.2-2.0 N) of HCl, HNO 3 , and NaOH were used to desorb Cr(VI) from spent sorbents. The pH of the Cr(VI) solutions was maintained at 2.0 in the case of TAGOC, 2.5 in the case of STGOC and ZTGOC, and 1.5 in the case of CAC. The carbons and solutions were agitation for 2.5 hours (TAGOC), 2 hours (STGOC and ZTGOC), and 3 hours (CAC) in a horizontal mechanical shaker. NaOH was found to be a better desorbent than HCl and HNO 3 , and maximum desorption occurred at 1N NaOH. Hence, various concentrations of NaOH (0.01-1N) were used to desorb Cr(VI) from Cr(VI)-loaded adsorbents. Results of desorption studies showed that about 46.2%, 30%, 38%, and 60% of Cr(VI) could be desorbed from TAGOC, STGOC, ZTGOC, and CAC respectively by using 1N NaOH under optimal conditions. Similar results have been reported in desorption studies conducted on marine algal mass (Thirunavukkarasu and Palanivelu, (2007) .
Experiments were conducted to determine the efficiency of the adsorbents for the removal of chromium from chromeplating industry wastewater. The chemical composition of the wastewater is presented in Table V . The pH of the wastewater was 4.2. As the wastewater contained a high concentration of chromium (320 mg/L), it was diluted six times with distilled water before the adsorption experiments were carried out. The diluted wastewater was adjusted to pH 2.0 for TAGOC, 2.5 for STGOC and ZTGOC, and 1.5 for CAC using dilute nitric acid. The effect of adsorbent dose on the removal of chromium was studied under optimum time and pH conditions. Figure 14 presents the removal of chromium as a function of sorbent dose for an initial chromium concentration of 53.33 mg/L. It is observed that 99% removal of total chromium could be achieved by TAGOC, STGOC, ZTGOC, and CAC at sorbent dosages of 1.0 g, 0.6 g, 0.8 g, and 1.2 g per 100 mL respectively. This indicates that TAGOC, STGOC, and ZTGOC outperform CAC by a factor of 1.2, 2, and 1.5 respectively. Furthermore, the amount of chromium remaining in the wastewater after adsorption was found to be 0.52 mg/L for TAGOC, 0.42 mg/L for STGOC, 0.47 mg/L for ZTGOC, and 0.54 mg/L for CAC, in all cases less than the 2 mg/L discharge limit (Sahu et al., 2008) for chromium.
1. Batch studies showed that 89.2%, 96.0%, 93.5%, and 88.5% of Cr(VI) ions were removed from aqueous solution by TAGOC, STGOC, ZTGOC, and CAC at optimum pH values of 2.0, 2.5, 2.5, and 1.5 and adsorbent doses of 0.25 g per 100 mL, 0.2 g per 100 mL, 0.2 g per 100 mL, and 0.3 g per 100 mL in 2.5 hours, 2 hours, 2 hours, and 3 hours respectively. From these results it is clear that carbons derived from gingelly oil cake were more efficient than CAC at removing Cr(VI) ions from aqueous solutions at a higher pH, shorter contact time, and with a lower adsorbent dose. 2. Both Langmuir and Freundlich adsorption isotherms fitted well with the experimental data. Since the R 2 values for the Freundlich and Langmuir isotherms are almost equal, it may be concluded that both isotherms operate simultaneously on the surface of carbon adsorbents. 3. Langmuir adsorption capacity shows that TAGOC, STGOC, and ZTGOC are superior to CAC.
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